Insufficient sleep causes a multitude of devastating health problems and has severe societal consequences (Wade, 2010; Palma et al., 2013) . Current estimates suggest that more than one-third of all adults receive less than 7 h of sleep per day (Perry et al., 2013) . This troubling statistic is likely to remain unchanged-or may become even worse-in the near future, as many factors in our modern society prevent sufficient sleep. Given this situation, developing viable methods to deal with the negative consequences of sleep deprivation such as cognitive and metabolic disorders has become a top research priority.
Evidence has been mounting over the past 10 years suggesting a link between altered sleep patterns and several neurodegenerative diseases (Costandi, 2013) . However, whether changes in sleep/wakefulness patterns are a cause or consequence of neurodegenerative processes has remained elusive. Moreover, the fact that sleep deprivation has widespread effects on many physiological systems (Palma et al., 2013) hampers the search for a well defined molecular pathway that links sleep loss with neurodegeneration.
Several lines of evidence suggest that prolonged sleep deprivation affects a wide network of brain structures. Neurons in several wake-promoting nuclei display continuous high-frequency activity throughout wakefulness. These include noradrenergic neurons in the locus ceruleus, serotoninergic neurons in the raphe nuclei, cholinergic neurons in both the pedunculopontine tegmentum and basal forebrain, glutamatergic neurons in the midbrain, histaminergic neurons in the posterior hypothalamus, and orexinergic neurons in the lateral hypothalamus (Brown et al., 2012) . The long, highly arborized axons and electrophysiological activity patterns of these neurons are associated with high energy demands and consequently are highly vulnerable to sleep deprivation with respect to maintaining mitochondrial metabolic homeostasis (Tononi and Cirelli, 2014) . For similar reasons, the cortex is also a likely candidate to experience negative effects of sleep deprivation (Tononi and Cirelli, 2014) . Finally, sleep deprivation can lead to obesity (Schmid et al., 2014) , and several studies involving obese patients and animal models of obesity have reported neural inflammation and injuries in the hypothalamus (Thaler et al., 2013) , thereby providing additional evidence of a link between insufficient sleep and neurodegeneration.
In an attempt to gain more insights on this relationship, Zhang et al. (2014) studied the effect of extended wakefulness on the metabolic homeostasis of locus ceruleus neurons (LCns) in mice. The authors subjected mice to two distinct sleepdeprivation protocols. The first protocol (called Sh-wake) consisted of a 3 h period of sleep deprivation from ZT8 to ZT11 (in this nomenclature, ZT0 refers to the beginning of the inactive period for nocturnal mice and corresponds to the time at which the lights are turned on). The second protocol (called Ext-wake) consisted of prolonged sleep deprivation for 8 h (from ZT3 to ZT11) repeated for 3 consecutive days. Following the Sh-wake condition, several antioxidant proteins, including superoxide dismutase 2 and catalase, were upregulated in the LCns. Surprisingly, however, this homeostatic redox response was not activated in mice that were subjected to the Ext-wake protocol. This resulted in oxidative stress in the LCns, as shown by a significant increase in levels of the reactive oxygen species (ROS) superoxide (O 2 Ϫ⅐ ) in the LCns (Zhang et al., 2014, their Fig. 1 ). Remarkably, the Ext-wake protocol led to the loss of ϳ30% of LCns, and the remaining neurons had signs of ongoing neurodegenerative processes (Zhang et al., 2014, their Fig. 7) . Zhang et al. (2014) reported similar signs of oxidative stress in the frontal cortex of mice subjected to the Ext-wake protocol (their Fig. 3 ). These findings suggest that, together with other possible factors, sleep deprivation could be a significant causative factor in the development of neurodegenerative diseases. Consistent with this conclusion, a recent study reported that fragmented sleep patterns increase the risk of Alzheimer's disease and can accelerate age-related cognitive decline and the development of neurofibrillary tangle pathology in individuals carrying the apolipoprotein E 4 allele (Lim et al., 2013) .
SIRT3 is a member of a family of NAD ϩ -dependent deacetylase enzymes localized in the mitochondrial inner membrane that are important regulators of cellular energy homeostasis (Nogueiras et al., 2012) . The oxidative stress-related sensitivity of SIRT3 in other conditions such as aging (for review, see Nogueiras et al., 2012 ) prompted Zhang et al. (2014 to hypothesize that the adaptive metabolic homeostasis response in the LCns following sleep deprivation might be mediated through SIRT3-dependent pathways. Indeed, the divergence of the antioxidant response in LCns between mice subjected to the Sh-wake and mice subjected to the Ext-wake protocol were mirrored in the activity pattern of SirT3-dependent pathways in the LCns, which were upregulated in Sh-wake and downregulated in Extwake animals (Zhang et al., 2014, their These results provide compelling evidence that Sirt3-dependent pathways are both involved in and required for the maintenance of neuroprotective redox homeostasis responses following sleep deprivation. However, the mechanism that links sleep loss with impaired Sirt3 signaling and the downstream initiation of neurodegenerative processes remains unknown. Results from a recent groundbreaking study (Xie et al., 2013) may shed light on this question. Xie et al. (2013) observed vigilance state-dependent changes in the interstitial space within the brain. Compared with awake animals, a 60% increase in the interstitial space was recorded during sleep. Through this increase, the exchange rate between cerebrospinal and interstitial fluids increased during sleep, thereby enhancing the clearance of waste products that accumulate in the brain during wakefulness (Xie et al., 2013) . The accumulation of potentially neurotoxic by-products during extended sleep deprivation might impair the SIRT3 pathway either directly through ROS (Weir et al., 2012) or indirectly through impaired NAD ϩ biosynthesis as a consequence of DNA damage ( Fig. 1; Nogueiras et al., 2012) . The latter mechanism might seem unlikely in light of the increase in cellular NAD ϩ in Ext-wake-subjected mice reported by Zhang et al. (2014) in their Figure 4 . However, given that the NAD ϩ assays were performed at only one time point during a 24 h period, a change in the circadian pattern of NAD ϩ biosynthesis-which is the main driver of SIRT3 activity (Peek et al., 2013)-cannot be excluded. Indeed, this scenario is possible, given the well documented negativefeedback effect of sleep deprivation on the central clock in the suprachiasmatic nucleus (Schmidt et al., 2009 ), which in turn drives the circadian NAD ϩ cycle (Peek et al., 2013) . Therefore, assessing the effect of sleep deprivation on the circadian pattern of NAD ϩ bioavailability will be a key step in determining the relative contribution of impaired NAD ϩ biosynthesis to SIRT3 dysfunction.
From a therapeutic perspective, the findings of Zhang et al. (2014) may serve as a catalyst in the development of drugs that directly modulate SIRT3-dependent pathways. Unlike SIRT1, for which a number of synthetic modulators have already yielded positive preclinical results (Nogueiras et al., 2012) and are currently being tested in patients with metabolic and neurodegenerative disorders (NIH; www.clinicaltrials.gov), SIRT3 is still largely unexplored as a drug target (Nogueiras et al., 2012) . Given that the activity of SIRT3 is modulated by NAD ϩ levels, one promising avenue for counteracting the negative effects of sleep loss is NAD ϩ supplementation. However, the efficacy of this approach will depend on precisely how the circadian cycle of NAD ϩ availability is affected by sleep deprivation.
Together, the data presented by Zhang et al. (2014) provide compelling evidence that SIRT3-dependent pathways are a putative molecular link between sleep loss and neurodegeneration. Hopefully, these seminal findings will inspire future research to help unravel the neuronal and molecular mechanisms that underlie the widespread and diverse family of neurological disorders that are linked to sleep deprivation. Figure 1 . Impairment in the SIRT3 pathway following sleep deprivation leads to neurodegeneration. The accumulation of neurotoxic by-products in the brain during extended wakefulness (i.e., sleep deprivation) (Xie et al., 2013) leads to the downregulation of SIRT3-dependent pathways either directly through ROS (Weir et al., 2012) or indirectly (dashed vertical arrows) by impairing the circadian NAD ϩ /NADH cycle (Peek et al., 2013) . The ultimate consequence of this downregulation is neurodegeneration.
